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INTRODUCTION

It has been well documented that the neivous system is particularly
susceptible to oxidative damage. For example, exposure tc 100% oxygen at
pressures above 2 ATA produces seizures in man and experimental animals.
Divers breathing 100% oxygen at depths greater than 33 feet are thereicre
confronted with the ominous prospect of such convulsions and possible
drowning. For this reason, it is essential to understand the mechanisms by
which biological oxidations induce nervous system dysfunction.

Diamide is a drug that mimics various aspects of hyperbaric oxygen and
thus may serve as a valuabtle tool for exploring the mechanism(s) by which
oxygen alters normal CNS function.

Diamide, (CH3)2NCON=NCON(CH3)2, is a thiol-oxidizing agent (1,2) whose
biological activity was first shown to be a potent oxidizer of intracellular
glutathione (GSH) (2,3,4). Diamide has since been shown to inhibit Ca2+
uptake by in vitro rat liver \5) and rabbit whole brain mitochondria (6), to
inhibit ouabain insensitive Mg2+ and Ca2+ ATPases from red blood cells (7),
and either stimulate (8) or inhibit (9) mitochondrial proton conductivity and
H+-ATPase activity. Although it is unclear whether diamide stimulates or
inhibits mitochondrial proton conductance and ATPase activity, it has been
shown by both groups (8,9) that diamide affects mitochondrial H'-ATPase enzyme
activity primarily by the oxidation of vicinal (i.e., juxtaposed) dithiols.
Access to these dithiol groups are dependent on the conformational state of
the enzyme. For example, diamide inhibition of RBC Mgz+ ATPase is reported to
be essentially 100% at 2 mM diamide whereas in the presence of Ca2+, up to

4 mM diamide does not suppress activity beyond 55% (7,10), In this instance,

+
Ca2 is attributed with inducing a conformational change in the enzyme




structure, therefore masking critical SH groups from oxidation and subsequent
inactivation (10).

The Na+—K+ ATPase (EC 3.6.3.1) is a sulfhydryl-rich enzyme, whose
activity and conformational state is influenced by ligand composition,
temperature, and/or pH of the incubation media (11-15). The susceptibility of
this enzyme to thiol-oxidation is also dependent upon its conformational state
and the nature of the sulfhydryl-oxidizing agent (16-19). It was of interest,
therefore, to document the action of diamide on the Na+—K+ ATPase, and compare

its effects with other sulfhydryl inhibitors.

MATERIALS AND METHODS

The assays were performed with sodium-potassium activated adenosine
5'-triphosphatase (ATPase; Sigma Chemical Co.) that was extracted with sodium
iodide from hog cerebral cortex (20), or with ATPase prepared in our
laboratory from rabbit whole brain synaptosomes that were freeze-
fractured and further homogenized. Because background activity in this
fragmented membrane preparation was low, no further purification was required.
The commercially obtained ATPase was prepared by suspending approximately 5.8
units ATPase per 16.2 mg protein (1l unit = 1 umole Pi/min) in 40 ml of ATPase
preparation media (50 mM Tris and 1 mM EDTA at pH 7.65).

The experiments followed two protocols. The first method entailed the
addition of 0.2 ml ATPase solution to centrifuge tubes containing 1.1 ml

incubation media (100 mM NaCl, 25 mM KCl, 12 mM MgClZ, ImM Na, EDTA, and 50 mM

2
Tris at pH 7.65) (diamide-free) or to 1.1 ml incubation media plus diamide.
The tubes were preincubated for 10 min at 37 °C and then 0.2 ml of adenosine

5'-triphosphate (ATP; Sigma Chemical Co.) in the appropriate concentration

(see below) was added to each tube to initiate the reaction. The final volume




of 1.5 ml produced a solution containing approximately 0.05 mg protein/ml.
Each tute was incubated for 20 min and then the reaction was stopped with 0.5
ml of ica2-cold 1.2 M perchloric acid containing 27 mM silicotungstic acid.
Fach tube was placed on ice and 1inorganic phosphate was determined by the
assay procedure described by Post and Sen (21),.

The second protocol entailed the preincubation of 5 ml of ATPase solution
at 37 °C for 10 min with or without diamide. The ATPase solutions were then
pelleted by centrifugation at 99,000 x g at RmaX in a swinging bucket rotor
(Beckman SW50) for 25 min. The pellet was rinsed once with ATPase preparation
media and resuspended in 5 ml of diamide-free ATPase preparation media. The
ATPase was again centrifuged, rinsed, and resuspended in 5 ml of diamide-free
ATPase media. These manipulations were performed to remove anv residual
diamide from the preparation media. The ATPase assay was then performed on
0.2 ml aliquot of the pretreated ATPase.

s

The ATP concentration 1s expressed as MgATP_ (its active form). The
technique using excess MgCl2 was applied because MgATP—2 concentration has
been shown to vary when the concentration of metal ion and nucleotide are
adjusted in a constant ratio (22). For all concentrations of ATP, an excess
of Mgz+ between 5 and 10 mM existed, producing 85-90% MgATPnz. ATPase

activity was assayed against a 1 mM ouabain-containing blank in order to

+ _+
subtract out phosphate originating from sources other than the Na -K ATPase.

RESULTS

The Effect of Diamide on Na -k Activated ATPase Activity

Preliminary data indicated that the porcine and rabbit brain ATPises
responded to diamide in a qualitatively similar manner. Therefore, the

porcine ATPase was used to perform the majority of these studies. To




determine the 2ffects of diamide on the sodium-potassium activated ATPase, the

enzyme was incubated in the presence of 3.6 mM ATP and varying amounts of
diamide. In the range of 1 uM to 0.1 M diamide, ATPase activity varied from 0
to 100% inhibition, respectively (Fig. !). The activity changed sigmoidally
with 507 activity occurring at approximately 2.5 x 10—4 M. The dose-response

curve remained the same for both protocols.

Reversibility by Thiol-Reducing Agents

Washing the diamide-exposed enzyme with ATPase preparation media did not
restore the enzyme activity. However, activity was restored 1if a
thiol-reducing compound antagonized the oxidizing effects of diamide. This
was shown by preincubating the enzyme with diamide for 10 min, then pelleting,
washing, and subsequently resuspending in dithiothreitol (DTT) containing
media. The enzyme-DTT solution was preincubated for 20 min, then the wash
procedure was repeated. The enzyme was incubated in DTT-free media with 3.6
mM ATP as described in the Methods section. As the proportion of DTT to
diamide was increased from 1:10 to 25:1, enzyme activity increased (Table 1),
indicating a progressive (but not complete) reversal of the oxidizing effect
of diamide. A similar effect was noted when diamide containing solutions were
incubated in the presence of cysteine (Table 2).

When the enzyme was incul ated in the presence of 1.25 x 10-3 M
N-ethylmaleimide (NEM) and then followed with DTT treatment as described
above, it was observed that DTT to NEM ratios as high as 80:1 produced no

reversal of NEM inhibition on the enzyme. g

Kinetic Analysis of Diamide Action

+  +
To enhance the understanding of the Na -K ATPase-diamide interaction,

kinetic analysis was applied. A Lineweaver-Burk plot of the enzyme-diamide

interaction indicated that 1 x 10-[4 M diamide produced a decrease in Vmax from
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Figure 1. Enzyme activity response curve demonstrating the percent inhibition

of ATPase activity induced by varying concentrations of diamide.
In the range of ! micromolar to 0.l molar diamide, ATPase activity
varied from 0 to 100% inhibition, respectively. Each point on the

curve represents the average value for 8 experiments,




a control value of 47.9 to 28.8 mMole Pi/hr/mg protein, while Km remained
unchanged at 6.49 x 1074 M.

The Effect of Changes in lonic Composition on Diamide Action

The degree of inhibition of the Na+—R+ ATPase activitv bv NEM has been
related to the ionic composition of the incubation media (11,12,17,18,2%).
Magnesium has been shown to potentiate NEM inhibition, whereas Na+ and ATV
provide protection against NEM (12). Similar ionic manipulations were
performed using 1.25 x 10—3 diamide in standard incubation media (i.e.,
containing Na+ N Mg2+ + ATP) and 1in k" and Mg2+ free incubation media.
The K+—Mg2+ free media provided protection against diamide when compared to
the activities obtained from the K+ and Mg2+—containing solutions (Table Y.
Under identical conditions, 1.25 x 10“3 M NEM produced results similar to

those found with diamide (Table 3).

Effect of Diamide on the Membrane Lipid Matrix

The ATPase was exposed for 15 min to either 10 mM diamide or to the lipid
peroxidizing agent lipoxidase (55,350 units). This amount of lipoxidase
produced no significant change in enzyme activity, but did generate 0.0663 -
0.08 nMoles of malondialdehvde (an end product of lipid peroxidation). With
10 mM diamide, evideuce of lipid peroxidation could not be detected. The
effect of diamide therefore appears to be directed towards the protein moietv
of the enzyme and not the 1lipid matrix.

DISCUSSION

Diamide (diethyl azodicarboxylate) has been shown to function as a strong
electron acceptor, with a powerful tendercy to extract hydrogen atoms from
various hydrogen donors. It has been determined that this compound undergoes
hydrogenation to diethyl hydrazodicarboxylate plus yielding a disulfide from

the sulfhydryl donor (1,3,4).
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In this study, diamide directly inhibited the activity of in vitro
porcine cerebral cortical and whole brain synaptosomal Na+—K+ accivated
ATPase. Complete inhibition occurred at 0.1 M diamide with a progressive
increase in enzyme activity occurring sigmoidally to 100% activity at 1 uM
diamide. The diamide-induced inhibition of the Na -K' ATPase activity could

not be reversed by washing with diamide-free preparation media. However,

partial reversal of inhibition was possible when the diamide treated enzvme
was Incubated with the thiol-reducing agents, DTT or cysteine. The DTT or
cysteine induced reversal of inhib({tion was corrobcerative o diamide's action
as a sulfhydryl oxidizing agent.

The degree and rate of disulfide formation is dependeni upon the
proximity of the SH groups within the molecule (i.e., the degree of separation
of the SH groups) as well as the nature, charge and proximity of neighboring
side groups (24,25). Because of the susceptibility of the ATPase to thiol
oxldation by diamide, it is likely that the SH groups are sufficiently
contiguous within the enzyme to form internal disulfides. The nature and
location of these SH groups can also account for the difference in
vulnerability of the enzyme for oxidation by DTNB and alkvlation by NEM. This
concept is supported by findings that diamide induces internal disulfides in
coupling factor B (FB) from beef heart mitochondria (8,9,26,27). Factor B is
a water soluble component of the H+—ATPase which contains two essential
contiguous (vicinal) dithiols (26,28).

Modulation of enzyme activity in response to sulfhydryl oxidation with
diamide was obtained in an incubation media of differing ligand composition.
Protection against sulfhydryl oxidation was obtained in the presence of Na+
and ATP; additiun of Mgz+ and K+ to the incubation media decreased the level

of protection (i.e., decreased enzyme activity). Therefore, the reactivity of




diamide on the sulfhydryl groups of the catalytic subunit was dependent upon
the conformntisonal state of the enzyme and is similar to that observed with
NEM (11,12,17,18,19).

The inhibition of the Na+—K+ ATPase activity by NEM and DTNB has been
reported to obey second-order kinetics, with inhibition resulting from the
reaction of one molecule of inhibitor with at least one of several "vital"
groups on the ATPase (19,23). Kinetic analysis of the diamide-ATPase
interaction is suggestive of a similar mode of action. The supposition of
multiple "vital" groups is strengthened by the observation that conformational
alteration of the enzyme does not provide complete protection.

The type of 1lipid matrix surrounding the ATPase has been shown to
influence the activity of this enzyme (29), therefore, the eftect of diamide
on lipid peroxidation was observed. Diamide did not produce a detectable
amount of oxidation on the 1lipid matrix of the membrane. Whether membrane
fluidity was altered, however, is unknown. Thus, dlamide appears to exert its
principle eftect on the sulfhydryl component of the protein through sulfhydrvl
oxidation, and the formation of internal disulfides at critical locations

within the enzyme.




REFERENCES

1.

Yoneda, F., Sluzuki, K., and Nitta, Y., "A new hydrogen abstracting

reaction with diethyl azodicarboxylate." Journals of Organic Chemistry,

Vol. 32, pp. 727-729, 1967.
Kosower, N.S., Kosower, E.}., Wertheim, B., and Correa, %.S., "Diamide, a
new reagent for the intracellular oxidation of glutathione to the

disulfide." Biochimica Et Biophysica Acta, Vol. 37, pp. 593-596, 1969c.

Kosower, N.S., Kosower, E.M,, Wertheim, B., and Correa, ¥.S.,
"Glutathione I: The methylphenyldiazene carboxylate (azoester) procedure

for intracellular oxidation." Biochimica Et Biophysica Acta, Vol. 192,

pp. 1-7, 1986b.
Kosower, N.S. Song, K.R., Kosower, E.M., and Correa, W., "Glutathione 11:
Chemical aspects of azoester procedure for oxidation to disulfide.”

Biochimica Ft Biophysica Acta, Vol. 192, pp. 8-14, 1986¢.

Siliprandi, D., Scutari, G., Zoccarato, F., and Siliprandi, N., "Action
of 'diamide' on some energy linked processes of rat liver mitochondria."

FEBS Letters, Vol. 42, pp. 197-199, 1974,

Patmas, M., Colton, J.S., and Colton, C.A., "Modulation of mitochondrial
calcium flux by convulsant (diamide) and anticonvulsant

(diphenylhydartoin) agents." Clinical Research, Vol. 29, pp. 62, 1981,

Scutari, G., Ballestrin, G., and Covaz, L., "Diamide inhibited
4+ 44+ ++
(Ca +Mg ) and (Mg ) dependent ATPase in erythocyte membranse: Activity

at different temperatures.'" Bollettino Della Societa Italiana D1 Biologia

Sperimentale, Vol. 55: pp. 1283-1287, 1979a.

Zanotti, F., Guerrieri, F., Scarfo, R., Berden, J., and Pappa, S.,

"Effect of diamide on proton translocation by the mitochondrial




10.

I1.

12.

13.

14,

15.

H'-ATPase." Bilochemical and Biophysical Research Communications, Vol.

132, pp. 985-990, 1985.

Huang, Y., Pringle, M.J., and Sanadi, D.R., "Diamide blocks H'
conductance in mitochondrial H' -ATPase by oxidizing FB dithiol." FEBS
Letters, Vol. 192, pp. 83-87, 1985.

Scutari, G., Branca, D., and Pastorio, C., "Diamide effect on the
ouabaln-insensitive ATPase activity of red cell membrane. Bollettino

Della Societa Ttaliana Di Biologia Sperimentale, Vol. 55, pp. 517-522,

1979b.
Hart, W.M., Jr. and Titus, E.0., "Isolation of a protein component of
sodium-potassium transport adenosine triphosphatase containing ligand

protected sulfhydryl groups." Journal of Biological Chemistry, Vol. 248,

pp. 1365-1371.
Hart, W.M., Jr. and Titus, E.O., "Sulfhvdryl groups of sodium-potassium
transport adenosine triphosphatase: protection by physiological ligands

and exposure by phosphorylation." Journal of Biological Chemistry, Vol.

248, pp. 4674-4681, 1973,
Skou, J.C., "The (Na++K+)—ATPase: Coupling of the reaction with ATP to

the reaction with Na' and K ." Annals of the New York Academy of

Sciences, Vol. 402, pp. 169-184, 1982,

Karlish, S.K.D. and Stein, W.D., "Protein conformational changes in
(Na,K)-ATPase and the role of cation occlusion in active transport."

Annals of the New York Academy of Sciences, Vol. 402, pp. 226-238, i982.

Carrahan, P.J., Rossi, R.C., and Rega, A.F., '"The interaction of K+, Na+,

+
Mgz ,» and ATP with the [Na,K]-ATPase." Annals of the New York Academy of

Sciences, Vol. 402, pp. 239-252, 1982,

10




16.

17.

18.

19.

20.

21,

22.

Fahn, S., Hurley, M.R, Koval, G.J., and Albers, R.W., "Sodiumn~potassium
activated adenosine triphosnhatace ~f ~lcctrophorus electric organ 11.
Effects of N-Ethylmaleimide and other sulfhydryl reagents.'" Journal of

Biological Chemistry, Vol. 241, pp. 1890-1895, 1966.

Banerjee, S.P., Wong, S.M.E., Khanna, V.K., and Sen, A.K., "Inhibition of
sodium and potassium-dependent adenosine triphosphatase by
N-Ethylmaleimide 7. Effects on sodium sensitive phosphorylation and

potassium sensitive dephosphorylation." Molecular Pharmacolology Vol. 8,

pp. 8-17, 1972a.

Banerjee, S.P., Wong, S.M.E., and Sen, A.K., "Inhibition of sodium and
potassium-dependent adenosine triphosphatase by N-Ethylmaleimide TT.
Effects on sodium activated transphosphorylation.” Molecular

Pharmacolology Vol. 8, pp. 18-29, 1972b.

Schoot, B.M., Ernst-Devries, S.E., Van Haerd, P.M.M., DePont, J.J.H.H.M.,
+ 4+

and Bonting, S.L., "Studies on (Na -K ) activated ATPase XLVI. Effect of

cation induced conformational changes on sulfhydryl group modification."

Biochimica Et Biophysica Acta, Vol. 602, pp. 144-154, 1980.

Nakao, M., Nakao, T., Hara, Y., Nagai, F., Yagaski, S., Koi, M.,
Nakagawa, A., and Kawai, K., "Purification and properties of Na,K-ATPase

from pig brain. Annals of the New York Academy of Sciences, Vol. 242, pp.

24-35, 1974,

Post, R.L. and Sen, A.K., "Sodium and potassium stimulated ATPase." In:
Methods of Enzymology. R.W. Estabrook and M.E. Pullman, eds. Academic
Press, New York. pp. 762-768, 1967.

Storer, A.C. and Cornish-Bowden, A., "Concentration of MgATP-2 and other

ions in solution.” Biochemistry Journal, Vol. 159, pp. 1-5, 1976,

11




23,

24,

25,

26,

27.

28.

29.

Schoot, B.mM, DePont, J.J.H.H.M., and Bonting S.L., "Studies on

(Na++K+)-activated ATPase XLII. Evidence for two classes of essential

sulfhydryl groups.” Biochimica Et Biophysica Acta, Vol. 522, pp. 607-A13,

1978,

Peters, R.A., Stocken, L.A., and Thompson, R.H.S., "British anti-lewisite
(BAL)." Nature Vol. 156, pp. 616-619, 1945,

Barron, E.S.G., "Thiol groups of biological importance." Advances in
Fnzymes, Vol. 11, pp. 201-266, 1951.

Stiggall, D.L., Galante, Y.M., Kiehl, R., and Hatefi, Y., "Involvement of
a dithiol protein in mitochondrial energy-linked functions and its

1"

relation to coupling factor B. Archives of Biochemistry and Biophvsics,

Vol. 196, pp. 638-644, 1979,
Yagi, T. and Hatefi, Y., "Thiols in oxidative phosphorylation: inhibition
and energy-potentiated uncoupling by monothiol and dithiol modifiers.

Biochemistry, Vol. 23, pp. 2449-2455, 1984,

Joshi, S. and Hughes, J.B., "Inhibition of coupling factor B activity by
cadmium ion, arsenite-2,3-dimercoptopropanol, and phenylarsine oxide, and

preferential reactivation by dithiols.”" Journal of Biological Chemistry,

Vol. 256, pp. 11112-11116, 1981,
Sun, A.Y., '"The effect of lipoxidation on synaptosomal (Na+—K+)-ATPase

isolated from the cerebral cortex of squirrel monkey. Biochimica Et

Bilophysica Acta, Vol. 266, pp. 350-360, 1972,

12




€1
(7) (7)
68° Y8 10°1 ¥ 91°%¢ L1 % 9v°8¢ n Nloﬁ X G'L/KW mloH X 1 TAN
(%) (7)
£9°9L Bt'1 ¥ 0%°0¢C 71°1 % 79°9¢C W N|o~ X 1/R muoﬁ X1 01:1
(%) (7)
86°8¢ 68°0 ¥ 98°C1 I7'1T % £e°¢e 30 Nnoﬂ X /K Nnoﬂ X1 1:1
(%) ()
61°6¢ 12°1 % 1578 Z1°1 % 8L7¢¢ n mloa X I/W Nnoﬁ X1 1:01
(%) ")
0t° L0l 9€°1 + G870¢ 8L°0 ¥ 6L°8¢ LLd KW N|oﬁ X1 ===
() (7)
6% ¢l 17°0 # 89°¢ 69°1T # 9%76¢C PPTUWEBTp KW Nloﬁ X1 -
(%) (%)
89°L¢ G660 + 61°4 8I°T ¥ 89°6C IpFUeIp W mnoﬁ X 1 ===
K3TATIOE A3TAT308® +£37aT308® UOT3RI3UIDUOD OF3elx
1013U00 ¥ JuaW3lea13~3S04g 1013u0) Lid/?pruelq LLd:2pTwetq

ugaload Bw/ay/Fdn.
*£31AT308 JO AI9h0221 aalssaildoad B pasnpoad T03IT2iYIOFYITP
JO SUOTIBIJUIDUOD SNOFIBA YIFM 3wAzua pasodxd IPIWEIp dYyl O (3IX3) 33s) JUIWIBAIL “I3A3aMOYH

*A31TATIOR dwAzud 3103831 3Jou pInom efpau uofirviedaad yitm awdzua pasodxa apjuelp Supysepy
¥

(w)

*3°S ¥ ueay
*Ayeav TO3ITAIYIOTYITP Aq AIFAFIOE 3seqly J-eN jo

UOTF3IFqIYUL PSONpUF IPFWeIp 94y3 jo AITTTQISIasay [ F'19VL




val

(¢) (¢)
£6°66 6C°CE 99°¢¢ W Nuoﬁ X 1/W quoH X1 001:1
(s) (s)
£1°¢e8 1%°9¢ LL°1¢ KW mloH X I/K qaoﬁ X1 01:1
%) (%)
€6°vL 0%°8¢ 06°L¢ W qncﬂ X /K qloﬁ X1 1:1
(ZD) zn)
GE €9 Z8°1¢ VAN A2 SPTWeEp W qnoﬂ X1 -
A3TATIOR LK3TAT30O® +£37AT30® UOFIBIIUIOUOD ol3ea
10x3U0d % JUBW]IB3dII-ISO] 1013u0) dUT9I8Ad /IpTURT(Q auTalskd:apruelq

urajoad Bu/ay/f4ry

* punodwod

duionpaa [ojyl 2yl se pazI[iiIn sem dufdlIsdo 3dadxa | ITqe] I0J PIITO SEB SUOTFITPUOD BWeS
¥

(w)

*3d°S F UBIY
auTa3IsLd £q A3Faf3oe ¥seIlV N~BN IO
X

UOTITQFYUT PIdNpuj BpIWeIp 3y3 3o AIF[TqFSIaady 7 14Vl




Sl

(8) (8) (8)
60°1 # 81°¢C 91°1 % €675 €T + 60°C1 WAN
*¥ x¥
(8) (8) (8)
SL8°0 + 898°0 (0°1 ¥ LT°¢ GI°E % TL°11 9pTuetq
¥ L4
3utureauoo 3K B N 2913 3N % N 10a3u0> (.01 X 1)
A3TATIOY +A3TATIOY A3TATIOY mouﬂ@ﬂscH
A ..—O-OV m

*3ujureluod 3 pue ) snsioa @913 3| pue ) 103 pafidde 3sa31 3, paayed
++ + + + ¥

ugaizoad wE\us\am:+

‘gypam Jujureluvod 3N pue
++ +

Ul pa3ieqnouj aukzud o3 paiedwod uaym AITATIOE 2WAZU3 UF ISEIIOUF ue paonpoad eipaw uojleqnOUYF

msueoum ++uz pue 3 jo [waowal .%uﬂ>ﬂuummsamzuuo=0ﬂuﬂaﬁszﬂmmosvcﬂmvﬁsﬂmﬂmaﬂxzumuz

pue JpJuBIpP Y3loq 104 °EFPAW UOFIBQNOUY Iyl jJOo uorIFsodwod OFUOT IYl 03 pajeraa
ST UOTIBPEXO 10 UOTIBTANTB T[OFYl £q LITATIOBR 3SBJLV +M|+mz JO UOT3ITQFYUF 3O 29139p 3yl
¥

(w)
*4°S F UBIR
BEpaw 22313 3y~ ) ® Aq UOTITqTYuUT
¥ ++ +

paonpuy 2pjwefp 3Isurelde uofioalzoag °¢ AIIVL




